Background: Deficits in swallowing physiology are a leading morbidity for infants with functional
| INTRODUCTION
Congenital heart disease is the most prevalent birth defect in the world, affecting over one million infants each year. 1 Among the most severe of these defects are those that include functional single ventricles and systemic outflow tract obstruction. 2 Survival of infants with functional single ventricles and systemic outflow tract obstruction, such as those with hypoplastic left heart syndrome, requires palliative heart surgery within the initial days of life. Although recent advances in surgical techniques used in the initial palliative procedure have improved infant rates of survival, high rates of postoperative morbidity continue to pose serious health threats once acute cardiac concerns have resolved. 3, 4 Impairment in the safe obtainment of oral nutrition is a leading morbidity following stage 1 palliation. 3, [5] [6] [7] [8] [9] Such deficits, further referenced as feeding deficits, affect as many as 74% of infants following stage 1 palliation, 9 and are associated with longer hospital stays, increased caregiver distress, and higher rates of interstage mortality. 8, [10] [11] [12] Although scientific advances have enabled clinicians to optimize postoperative nutrition among infants with feeding deficits through the use enteral feeding tubes 13 and associated feeding algorithms, 14 Despite the appreciated need for targeted, evidence-based, swallowing interventions, the ability to develop such interventions has been stifled by the fact that the pathophysiology underlying these functional impairments remains unclear. Recurrent laryngeal nerve injury acquired during the initial surgical repair has previously been postulated as a potential source for the aforementioned swallowing deficits. [16] [17] [18] While it is appreciated that the resulting impairments in laryngeal function place these infants at increased risk for airway compromise, previous reports of high aspiration rates among infants without deficits in laryngeal function suggest other impairments in the feeding-swallowing mechanism may exist. 3, 19 Identification of the underlying source of postoperative feeding and swallowing impairment is critical for the development of targeted interventions that will improve oral intake and postoperative health among these fragile infants. 
| Data analysis
Laryngoscopy results were used to categorize infants exhibiting laryngomalacia, vocal fold paralysis, vocal fold paresis, or glottic gap as having impaired laryngeal function, with all others categorized as having normal laryngeal function. Charts were reviewed for type of heart defect, surgical approach and feeding history. Videofluoroscopic exams were scored frame-by-frame on a high definition 2560 3 1440-pixel screen by two speech-language pathologists using an ordinal scale that ranks (15) of the sample, with the most common laryngeal anomalies being glottic gap and laryngomalacia. 
| Effect of nectar barium contrast on rates of low function swallowing attributes
Videofluoroscopic recordings of swallow function were obtained during the intake of thin barium for all 36 infants, however, visualization of nectar barium ingestion was prohibited in 6 infants due to patient rejection of the material. When compared with thin swallows, significantly more infants were found to attain complete laryngeal vestibular closure at the height of the swallow on nectar swallows. While this resulted in significantly lower rates of nectar barium aspiration when compared with thin, nectar aspiration rates remained high. In contrast to the improvements in laryngeal vestibular closure, nectar barium was found to result in significantly more infants requiring 4 sucks per swallow when compared with thin barium (Table 2 ).
| Effect of impaired laryngeal function on thin and nectar bolus airway entry
No significant associations were found between infants' laryngeal function and penetration/aspiration status for either thin or nectar swallows (Table 3) .
| DISCUSSION
Feeding impairments are a leading morbidity in infants with functional single ventricles and systemic outflow tract obstruction following stage 1 palliation. [6] [7] [8] [9] 20 The systemic health threats posed by feeding impairments are exacerbated in these fragile infants due to their diminished cardiopulmonary reserve and the importance of obtaining adequate nutrition for future surgical success. 21 Despite this understanding, little is known about the physiologic deficits in oropharyngeal swallow physiology that contribute to these postoperative feeding impairments in this high-risk population.
In the current investigation, we used a standardized rating metric Successful oral intake requires transformation of the upper aerodigestive tract from a conduit for respiration, to a conduit for bolus flow.
The ability to successfully transition between these functions is dependent on the precise, coordinated contraction of 31 paired muscles and 5 cranial nerves. 22 These refined movements divert the laryngeal vestibule away from the path of bolus flow before the bolus descends through the pharynx. As a result, deficits in the timing, or in the integrity, of these movements place infants at increased risk for bolus airway entry and incomplete clearance of ingested material through the pharynx. Our findings indicate high postoperative rates of impairment within these critical airway protective and bolus clearance processes. The majority of infants did not initiate movements for airway protection until the bolus had reached the pyriform sinuses; placing them at high risk for aspiration upon pharyngeal contraction during the swallow. Once these movements were initiated, infants were also found to have deficits in their ability to obtain complete late laryngeal vestibular closure. Although the consequences of such deficits are likely exacerbated in infants who have no secondary airway protective mechanisms at the level of the glottis due to impairments in recurrent laryngeal nerve function, these physiologic deficits also pose a high risk for bolus airway entry among infants with intact laryngeal function.
While the identification of the underlying source responsible for the observed physiologic impairments is beyond the scope of the current investigation, future work exploring these underlying mechanisms is necessary to identify targets for future dysphagia interventions. Swallowing is a highly dynamic process that is influenced not only by bolus attributes and anatomic integrity, but also by neurologic, muscular, respiratory, and gastrointestinal function. [23] [24] [25] [26] Altered prenatal circulatory patterns, and post-surgical stresses of in parallel circulation, cyanosis, and ventricular volume load can have deleterious effects on these systems [27] [28] [29] [30] [31] [32] [33] [34] and may contribute to the observed swallowing deficits.
Currently, the provision of thickened liquids is a commonly used intervention to facilitate safe milk ingestion in the presence of thin liquid aspiration. 35, 36 This intervention is aimed at slowing the rate of milk flow through the pharynx in effort to promote a timely initiation of swallow and obtain complete airway protection. Although this intervention may have beneficial effects for some, the ability to achieve these effects is limited by the nature and severity of the swallowing impairment. Our findings indicate that while nectar barium contrast allowed significantly more infants to swallow without aspiration, many infants were resistant to this beneficial treatment effect and continued to aspirate the nectar contrast ( Table 2 ). These findings are hypothe- Future investigations are warranted that employ larger sample sizes and stratify for potential variables that influence oropharyngeal swallow physiology, such as cardiac status, surgical approach, gestational age, and prior oral feeding experience. Lastly, while the current investigation controlled for barium viscosity through the use of standardized thin and nectar barium contrast, it did not standardize the type of bottle nipple that was used for barium presentation. Nipples were chosen based on those that were clinically available at the time the fluoroscopic exam was completed, with flow rates modified real-time based on the clinician's assessment of infant need. Although there have been a paucity of investigations examining the effect of nipple attributes on oropharyngeal swallow physiology among infants with congenital heart defects, past investigations within the preterm infant have demonstrated the ability to improve feeding ventilation by using nipples that reduce the rate of milk flow. 40 Respiration and swallowing are tightly linked, interdependent processes. Therefore, interventions that improve respiratory stability may concurrently improve swallowing physiology and airway protection. Future investigations examining the effect of clinically available interventions aimed at optimizing respiratory performance, such as reduced flow rate nipples or respiratory enhancing feeding postures, are necessary to guide the clinical treatment of these oropharyngeal swallowing deficits.
